The paper presents interactive learning tools used in courses in automatic control at Lund Institute of Technology. The learning tools are aimed at improving the understanding of and intuition for the abstract parts of the control courses. The paper presents dynamic interactive modules for a course in sampled-data systems. The tools are implemented in Matlab and used over Internet.
Introduction
Most engineering courses contains abstract concepts that are important for the understanding of the material. Examples in control courses are controllability, observability, and the connection between di erent representations time domain and frequency domain. Often it is di cult to convey the intuition to the students through conventional lectures and problem solving sessions. To learn a subject the students need to be active. The old rule learning by doing" is still very relevant. Laboratory experiments are good for the understanding. However, the laboratory experiments must, in general, be scheduled and supervised to give the full understanding. In this paper we illustrate how information technology can be used to improve learning of di cult concepts in control courses. The methodology can easily be transfered to other courses in engineering and science. The concepts of dynamic pictures and virtual interactive systems are introduced to summarize our approach to better learning and understanding of systems and control.
Section 2 gives a background to our approach to better learning. The basic ideas and methods are discussed in Section 3. The material for a course in computercontrolled or sampled-data systems is described in Section 4. In Section 5 the virtual Partially supported by the Board of Lund Institute of Technology under the program on Quality Improvements in Education.
interactive systems are introduced. Implementation of leaning tools is discussed in Section 6. Experiences and future developments are discussed in Section 7.
Improved education
One goal of the education at the Department of Automatic Control at Lund Institute of Technology is to educate students with a strong theoretical base and a good engineering ability. Needed ingredients to make this are:
Theory skill Good engineering tools Engineering judgment Understanding The theory skill can be obtained through good text-books, inspiring lectures, and active self-studies. The ability to solve practical problems rely on a good skill in using the theory and the translation of a large problem into manageable subproblems. To solve the problems it is necessary to have good engineering tools available. Examples of such tools are Maple and Mathematica for algebraic manipulations, Matlab and X-math for numerical computations, and Simulink and Matrix X for simulations. The general computational tools have made it possible, even if too seldom used, to handle practical and complex problems in engineering courses. Engineering judgment i s obtained from laboratory exercises, projects and thesis work, and industrial practice.
One important question remains, however, to be answered: How to improve the understanding of complex theory and concepts. One obvious answer, that can be found in all pedagogical literature, is to go from teaching and passivity to learning and activity. It should be possible for the students to raise and get answers to WHAT-IF questions. Most education, at least on university level, relies on the initiative from the students. Ivar A Bj rgen talks about the professional student, see Bj rgen 1995. The professional student i s c haracterized by
The student is driven by her his own engagement to learn new things. The student masters di erent w a ys to gather new knowledge, everything does not need to come from the teacher. The student looks upon knowledge in a larger context and not as an isolated part that has to be memorized for an exam. To help this professional student w e need to give them new possibilities to nd and integrate knowledge.
One way to improve the understanding of the material in our courses is that learning should be possible everywhere and anytime. This is achieved by using computer network and information technology to let the students have access to our course material and learning modules anywhere at the campus and or at home. To implement our ideas we are, for the moment, using the Web Internet with HTML and Java for the communication and access of the material. For the computations we are using Matlab and Simulink with toolboxes. These programs are available for the students through site licenses. The choice of software has made us almost platform independent since it is available for almost any platform. With these standard tools as a base it has been possible to create new environments for better education. As the learning material will be used without supervision it is important to make i t very intuitive and easy to use. This is achieved by using well designed graphical user interfaces.
Multimedia is usually de ned as combinations of video, sound, text, animation, graphics, etc, which is used to activate several senses of the user, see Jerram and Gosney 1993 . The tools described in this paper are, in a strict sense, not multimedia applications since they only includes graphics and text with rudimentary animation. The tools have, however, the same purpose as multimedia tools made for education. The purpose is to create an environment that enhances the learning process and activates the students.
Challenges in control education
To understand system theory and the ideas of control and feedback the students must Learn new concepts Understand relations between di erent representations of a system Acquire certain skills Relate material from other courses to the material in the control courses Some of these aspects are discussed in Johansson and str m 1996a and Johansson and str m 1996b. We will here mainly look at the parts that are included in the course in computer-controlled systems, which is based on the book str m and Wittenmark 1997.
New concepts in control is the notion of systems and how to describe the systems. Typical concepts are how to describe a dynamical system using di erential or di erence equations, stability, controllability, and observability. Some of these concepts can be understood by reading the text-book, but it can be quite di cult to visualize, for instance, controllability or observability. Another important aspect in all control courses is linearization and the validity of the linearized model.
Relations between system representations are, for instance, the connection between continuous-time systems and sampled-data systems, the relation between frequency-domain and time-domain representations, and the connections between open and closed loop properties. This kind of relations are often new and puzzling for the students at the rst encounter.
The skills that the students need to acquire in a sampled-data course are, for instance, choices of sampling period, design method, and speci cations for the desired closed-loop system. Other skills are tuning of controllers, such as PID-controllers, and drawing of Bode and Nyquist plots.
Control is a system subject. This implies to get the practical bene ts from control it is important to not only look at the science of control by itself, but to relate it to the outside world. It is thus necessary for the students to relate the control theory to application areas such a s p o w er generation, chemical processes, and robotics. This interdisciplinary understanding is usually rst achieved in practical industrial work in connection with thesis work or practice. The work that will be described in the following is mainly concentrated to concepts, relations, and skills. 
Computer-based interactive tools in control
Many courses at university level have m uch material available over the Web. Typical course material are home pages, literature information, course plan, lecture notes, and homework problems. The lecture notes can be on many occasions be used in distance education. The theory can be illustrated by pictures, audio, or video clips.
Some interesting ways of using the Web from W.J. Rugh at John Hopkins University is found at http: spectrum.ece.jhu.edu wjr , which contains demonstrations for a course in signals, systems, and control. A Matlab-based control tutorial is Pagel et al. 1997 and also at http: www.engin.umich.edu group ctm . This example is a cooperation between University of Michigan and Carnegie Mellon University. Most examples and use of the Web are based on interaction in the sense that the student can choose what to look at and jump back and forth in a mainly static material that is a generalized version of lecture notes or books. A typical example is the design example of a robot mechanism that is used as an example in str m and Wittenmark 1997, see Fig. 1 and http: www.control.lth.se ~kursdr. This way of using the Web can be regarded as a Reader's Digest" version of the material in the book, even if it is clickable.
A step towards more interactivity is that simulation examples in a text can be reproduced by activating a link. This is achieved by setting up the Web-browser such that Matlab is started when activating a link to a Matlab le m-le. The mle or macro is now d o wn-loaded to the user, who is executing Matlab on the local computer. Depending on the platform the m-le can be executed automatically or by giving a simple command. See Fig. 2 . This use of the Web is, to the knowledge of the authors, new even if it is a simple extension of how helpers are activated in ordinary use of the Web. The students can now see how the simulation is done and it is also possible to change a parameter and rerun the simulation for new parameter values. This kind of macros have been available for the students in Lund for several years, but they have not been used to any larger extent. A main reason is that a fairly good knowledge of the simulation program is needed to understand the construction of the macro and to make the appropriate changes to test other cases than shown in the text-book.
Experience shows that it is insu cient with a static material or precanned video clips to really activate the learning of the material in the courses. To o v ercome this problem we h a v e i n troduced the concept of dynamic pictures. The dynamic pictures are based on graphical user interfaces and built up as interactive modules where the user can change a parameter and immediately see its in uence without typing a single command. To illustrate the idea consider the module shown in Fig. 3 . The diagram in the upper right corner of the module contains continuous-time poles and zeros. The lower right corner contains the corresponding discrete time poles and zeros. The continuous-time poles and zeros can be moved by clicking and dragging. As soon as the continuous-time poles or zeros are moved the discrete-time poles and zeros are updated. Every change thus results in an immediate update of the Figure 3 Graphical interface of a module illustrating the connection between continuous-time and sampled-data poles and zeros for di erent sampling intervals.
pole zero plots. This makes it very easy to understand how the continuous-time and discrete-time models are related. Using the buttons in the middle part of the gure it is possible to change the number of poles and zeros of the continuous-time system. The slider is used to change the sampling period and show h o w it in uences the location of the sampled-data poles and zeros. The left hand part of the modules makes it possible for the user to get help, reading instructions, hints on what to look for, and the numerical values of the di erent representations. It is also possible to go to a main menu, which contains links to other modules in the CCSDEMO. See Fig. 4 . A rst version of CCSDEMO was developed in connection with the master thesis project described in Haglund 1995.
The dynamic pictures have, in a sense, the same properties as Excel documents. A c hange in the cell of an Excel document causes a change in the full document. The dynamic pictures can thus be regarded as generalized spreadsheets that are changing curves and properties instead of numerical values. These ideas are discussed, for instance, in Blomdell 1989 and Granbom and Olsson 1987. The collection of modules is thus a toolbox for learning sampled-data systems. CCSDEMO contains, for the moment, 14 di erent modules covering Relation between continuous-time and discrete-time representations The aliasing phenomenon The sensitivity of di erent state-space realizations with respect to parameter changes Frequency analysis of sampled data systems Observability PD-control of a double integrator E ect of ltering of discrete-time white noise Figure 4 The opening module in the toolbox CCSDEMO.
Tuning of PID-controllers Pole-placement using state-feedback design Pole-placement using polynomial design In uence of design parameters for a robot mechanism Robustness Linear Quadratic design Adaptive control There are many advantages by using dynamic pictures over the Web. They are easily available for the students and their use will not load down the computer system at the department. Only the modules or m-les are transfered to the user, who locally runs the application programs.
To get e ective use use of the dynamic pictures it is of out-most importance that the graphical user interface is carefully designed, which is a skill by itself. A brief, but good, introduction is MathWorks 1996. The design must be such that the module can be used intuitively. There are several reasons for this, rst almost nobody is reading a manual, secondly the modules will be used without supervision or anyone to ask within shouting distance, thirdly the user is very impatient. The user will quickly leave the module if he she is not catching the idea within seconds. In the CCSDEMO we h a v e tried to meet these requirements by using the same layout in all modules familiarity, color coding to understand connections, only one idea per module concentration, and no typing of commands only clicking and dragging simplicity.
The module noise, see Fig. 5 , can be used to illustrate di erent representations or views of a system. The module shows covariance function statistical aspect, spectrum frequency domain aspect, and realization time domain aspect when discrete-time white noise is ltered through a discrete-time lter. The lter poles and zeros for a rst and a second order system can be changed by clicking and dragging. The plots of the di erent representations are immediately updated after each m o v e. Studying the three representations at the same time and immediately seeing the e ects of changes increases the understanding dramatically.
The choice of design parameters for sampled-data systems is illustrated by the state-space design module. The speci cations are entered via the graphical user interface in Fig. 6 . The continuous-time system to be controlled is chosen from a prede ned set, by e n tering the coe cients of the system, or by loading a stored system. The user can change the sampling period and the dynamics of the desired closed-loop system and of an observer if only output feedback is used. The closedloop poles are plotted together with the output and input of the closed-loop system, Fig. 7 . The in uence of reference value changes and load disturbances are now easily investigated together with the magnitude of the control signal. Fig. 7 shows the output and the control signal when the reference value is changed at time 0 and an input step-disturbance is applied at time 25. The disturbance gives a steady-state error for the design without an integrator. The introduction of the integrator removes the steady-state error. The responses to reference value changes are the same for the two designs. By changing the desired step-response and the observer dynamics the students can understand the in uence of the di erent design choices. Design based on polynomial description of the system and PID-control are illustrated in similar modules.
Virtual Interactive Systems VIS
At many occasions it can be desired to combine animation with plots of curves. The animation is used to illustrate the motion or changes in a physical process. This can be used as a preparation or even a substitute for physical laboratory experiments. We can call this a Virtual Interactive System VIS, see Johansson and str m 1996aand Johansson and str m 1996b. One way to illustrate the possi- Figure 6 Graphical user interface for pole-placement using state-space design in CCS-DEMO. The closed-loop poles are shown by x's, controlled poles red and observer poles green. bilities with virtual interactive systems is to look at the di erence between a static, Fig. 8 , and a dynamic, Fig. 9 , picture. To not o end anyone we h a v e taken the example of the static view of the tank system from lecture notes that are written at the department, Wittenmark et al. 1991 . Fig. 8 gives a static representation of the process and some prede ned simulations, which can't be changed. This is the only way to make the illustration in books and lecture notes, but it is unfortunately the usual way t o s h o w the relations also when the material is computer based. In the VIS in Fig. 9 it is possible to change the stationary tank level using the mouse either by c hanging the level in the tank or by selecting the working point in the nonlinear relation between the input and the output. This changes the size of the in ow, the nonlinear step-response, and, by c hoice, also the equation and the response of the linearized model. Using the VIS the student can better understand, for instance, Figure 9 Virtual interactive system for the tank process.
the in uence of the nonlinearity and the range of the validity of the approximation. Similar virtual interactive systems have been developed to illustrate a robot mechanism and fundamental design limitations in the frequency domain, see str m 1996a and Serrano 1996. 6. Implementation
The CCSDEMO, which, for the moment, is our most complete tool has been implemented using straight forward programming in Matlab. The graphical interface has been implemented using the Graphical User Interface GUI facility of Matlab. Using Matlab-5 it is now easier to program a GUI as soon as it has been designed. Remember, however, that the most di cult part is to make a good design, not the programming, of a GUI.
To g e t a w ell structured program it is good to separate the graphical user interface from the actions that are initiated by the user. This implies in our case that each module has one m-le for the graphics and one m-le for the actions. Sometimes there is also a third le, which contains a Simulink description. The functions that are activated by clicking on buttons, changing sliders or moving objects are implemented using switch-yard programming. I.e. it is built up as illustrated in the following example function demooperation; if strcmpoperation,'system', defines a system elseif strcmpoperation,'calc', calculations are made : : elseif strcmpoperation,'init', create user interface elseif strcmpoperation,'close', closing system end;
where operation is specifying what action should be taken at a certain callback. Each if-statement is connected to a button, slider, etc that the user can activate in the current module. This structure of the program makes it easy to add new functionalities to a module. More about how to structure the modules can be found in MathWorks 1996.
The learning tools are, in general, implemented as several m-les. This is true for the CCSDEMO as well as the simulation macros. To execute the tools Matlab has to call other m-les or Simulink blocks. In the current v ersion of Matlab it is not possible to do this in a general way o v er the Web. It is instead necessary to locally mount a catalog with the necessary m-les. This is how the problem is solved for our students in Lund. Another solution is that the student d o wn-load a copy of the whole package to the local computer. This has the drawback that there will be many copies of the learning tools oating around which makes the updating di cult. Some of the problems can be eliminated with the in-line macro facility that is available in Matlab-5. It is, however, not possible to include Simulink descriptions in the same way. The general solution to how to make the modules available over the Web is still an open question.
Experiences
At the Department of Automatic Control at Lund Institute of Technology we h a v e for many y ears used the types of educational tools that are described in this paper.
A rst tool for continuous-time representations, Visidyn, w as developed in 1987, see Granbom and Olsson 1987 and Blomdell 1989 . In Visidyn the connections between open-loop poles zeros, step-responses, and Bode Nyquist diagrams are illustrated. Some of the learning tools has been in use in the laboratory sessions since 1994. The students taking the course in Computer-Controlled Systems have since 1996 been able to use the CCSDEMO over the Web in connection with the course.
Our experience is that the di erent learning modules are good complements to the conventional material available for our courses. The easy access of the modules has activated the students. Discussions with the students indicate that the use of the Web-based tools has improved their understanding of the material in the course. Encouraged by the attitude of the students we will continue to introduce more learning tools over the Web in our courses.
Summary
The paper has pointed some innovative w a ys of using the Web together with Matlab to activate the students in control courses. The main approach is that the learning material is available around the clock o v er the Web. The learning material is a collection of graphical modules that are manipulated using the mouse. The students don't have to memorize nor write any commands. The change of a parameter or a property in the module initiates an immediate recalculation and presentation to the user. We h a v e called this approach dynamic pictures as opposed to conventional static illustrations in books and lecture notes. The second concept described in the paper is virtual interactive systems, which are animated virtual processes that via manipulation and animation illustrates the behavior of, for instance, a physical process. The VIS can be used to illustrate physical processes and as a preparation for a laboratory experiment. An example is the animation of the robot mechanism in Fig. 1 .
The use of the learning tool has activated the students and improved their understanding of di cult concepts in the courses. The responses from the students that are using the tools are encouraging.
